A series of sustainable biobased polymer blends from poly(lactic acid) (PLA) and poly(butylene terephthalate) (PBT) were fabricated and characterized. These blends are engineered to achieve optimal mechanical properties and toughness with a reactive epoxidized styrene-acrylic copolymer (ESAC) compatibilizer, and an ethylene-n-butyl-acrylate-co-glycidyl methacrylate (EBA-GMA) elastomer-based compatibilizer. The results showed that the tensile strength, modulus, flexural strength and modulus of the PBT increase, while the elongation at break and notched impact strength decrease after blending with the biopolymer PLA. The full co-continuity of PLA in PBT was confirmed at a 50/50 wt% blend ratio.
Introduction
Poly(butylene terephthalate) (PBT) is one of the high-volume usage commercial engineering plastics belonging to the aromatic polyester family with chemical functional groups similar to poly(ethylene terephthalate) (PET) and poly(trimethylene terephthalate) (PTT). Currently, PBT is widely used in many commercial applications due to its excellent properties such as high rate of crystallization, good moldability and fast mould cycle time, 1 good mechanical and thermal properties where the service temperature can be as high as 140 C. Due to these benecial properties, PBT becomes a promising blending component with other polymers to improve their original performance. This includes blending PBT with PET, 2,3 polystyrene (PS), 4 polyamide (PA), 5 polypropylene (PP), 6 polycarbonate (PC), 7, 8 and polyether imide (PEI) 9 among others.
Although PBT possesses many outstanding properties which are suitable for many engineering applications, it is very sensitive to crack tips or notch and the notched impact strength of pure PBT is quite low, approximately 36-40 J m À1 . In order to improve the notched impact strength of PBT, numerous works have been carried out by blending PBT with different types of elastomer materials to toughen PBT under notched conditions. Different functional groups of elastomers such as ester, epoxide, maleic anhydride (MAH) and hydroxyl have been used to improve the notched impact strength of PBT. Some of the elastomers used to modify PBT and the highest notched impact strength value achieved are summarized in Table 1 . The interface of PBT and elastomer can be further enhanced by graing a reactive functional compatibilizer to further improve the notched impact strength. Functionalised rubber graed with MAH 10 and epoxide groups 11 have been widely reported previously and show signicant improvement as compared to the solely elastomer/PBT blend.
The plastic industry has successfully used different technology to develop sustainable biodegradable and biobased plastic materials in line with the sustainable development and environmental pollution issues emphasized globally. Development of biobased plastic for durable application has been growing every year accounting for 40% of the global plastic industry capacity in 2010. 19 The projected global biobased plastic is expected to grow by 20% of the global market capacity from 2017-2022. 20 The majority of the important biobased polymers derived from sustainable feedstock have been produce by Braskem Company, Brazil.
Extensive research and improvement on the partially or fully biobased plastics to replace fully petroleum feedstock plastic have been implemented by many forefront plastic industries. Some of the market available biobased plastics are bio-PET, bio-PP, poly(lactic acid) (PLA), polyhydroxyalkanoate (PHA), biohigh-density polyethylene (HDPE), bio-low-density polyethylene (LDPE) and others. Among these commercially available biobased polymers, PLA appears to be one of the most popular biodegradable polymer studied by many researchers and industries due to its excellent properties such as high mechanical strength, and modulus, transparency and non-toxic by-products. Blending of biodegradable polymers with petroleum based polymers allows development of partially biobased polymers with enhanced or desired properties at relatively low cost. 21, 22 The work related to tailoring of the properties for biobased PLA blends to improve its performance have gained much interest in recent year. [23] [24] [25] [26] [27] PLA is a good candidate to blend with PBT to form a biobased polymer as they are both from the polyester family. However, these two polymers are immiscible and incompatible to each other. 28 Direct blending will not yield good properties for this blend. In addition, processing temperature of PLA is from C, whereas for PBT it is around 240-260 C. The processing temperature must be set at the range of 240-260 C in order to melt and blend these two polymers together. It has been reported that the degradation rate of PLA increases rapidly above its melting temperature where a signicant reduction of molecular weight was observed. 29 The thermal degradation mechanisms include random main-chain scission, depolymerisation and oxidative degradation under oxygen environment during melt processing above 180 C. 30 Further increasing the processing temperature above 200 C leads to the formation of cyclic oligomers and transesterication degradation. 31 The mechanical performance of PLA will decrease dramatically aer degradation. Hence, the degradation issue of PLA when blending with engineering polymers at elevated processing temperature is a main challenge restricting the commercial fabrication of this biobased blend by the industry sector.
In order to minimize the degradation problem of PLA when processing at high temperature, many researchers have proven the effectiveness of chain extender with the idea of reconnecting the broken chains of PLA and hence leading to recovery and prevention in the molecular weight reduction of PLA. Some of the chain extenders that have been studied and reported to be effective in controlling the degradation of PLA are polycarbodiimide (PCDI), 32 tris (nonylphenyl) phosphite (TNPP) 33 and epoxy functionalized styrene-acrylate copolymer.
21,34-36 Naja et al. 37 reported that styrene-acrylate copolymer with reactive epoxy is more efficient and effective in increasing the thermal stability of PLA-clay nanocomposites under the study conditions as compared to PCDI and TNPP. The multi-functional epoxy compound in the styrene-acrylate copolymer can react easily with hydroxyl and carboxyl end groups in polyester especially in PLA. 38, 39 Hence, it is an effective compatibilizer as well as chain extender to compatibilize PLA and PBT. Only a few works have reported on the biobased blend of PLA and PBT thus far. The PLA/PBT blend is immiscible but they are having a certain degree of compatibility due to the physical interactions between the polyesters functional groups. 28 Kim et al. 40 studied the crystallization rate and degradability of the PLA/PBT blend with para-phenylene diisocyanate (PPDI) chain extender. They reported that the crystallization rate of the PLA phase was improved, and the degradation rate was prolonged. There are some works reporting on polymerization of PLA-PBT block copolymers via the transesterication and ring opening processes. 41 In a recent study, the properties of biodegradable PLA blended with 3, 5 and 10 wt% of PBT with addition of ethylene-glycidyl 42 They reported enhanced mechanical properties of the PLA due to the formation of nanometer-size PBT dispersed phase in the blend. In all the works mentioned discussed above use PLA (biodegradable-based polymer) as the major matrix component and PBT (petroleum-based polymer) as the minor blend component to improve the properties and crystallization behaviour of PLA.
However, in the present work, focus is on the incorporation of the biodegradable polymer, PLA, into the petroleum-based polymer, PBT, to acquire a novel high-biobased content (30-40 wt%) polymer blend. In addition, no work has reported on the mechanical performances of this high biobased PLA/PBT blend which is very important to industry to consider in producing the blend into a possible commercial biobased product to replace petroleum-based products in the market. The blending of high PLA content usually gives low impact toughness due to the brittleness of PLA. In this study, the compatibilization of PLA and PBT with reactive epoxy functionalized compatibilizers is reported. PLA was used as the biobased component incorporated in PBT matrix at weight ratio of 10/90, 20/80, 30/70, 40/60 and 50/50 blends. Small amounts of epoxy functionalized styrene-acrylate copolymer compatibilizer were added in the blend to compensate for the degradation of PLA and at the same time induce interactions between PLA and PBT. The toughness of the blends was further improved with elastomer-based poly(ethylene-n-butylacrylate-co-glycidyl methacrylate) (EBA-GMA) compatibilizer. The PLA/PBT blends were engineered to achieve optimal mechanical properties and toughness with the two compatibilizers. Signicant biobased content of the PLA/PBT blends in this work can reduce the dependency on petroleum-based resources which in turn promote sustainable development and leads to signicant reduction in greenhouse gas emission to the environment. 
Materials and experimental details

Preparation of the PLA/PBT blends
The PLA/PBT blends and the blends with different compatibilizers at different ratios of composition were processed using DSM-Xplore twin screw micro-compounder, from Netherlands. The length/diameter (L/D) ratio dimension of the screws used was 150 mm to 18 mm respectively. The mixing extrusion barrel volume of the machine was 15 cm 3 . The PLA and PBT pellets were dried in an oven at 80 C overnight before processing. The PLA and PBT were blended in the extrusion barrel at the processing temperature of 250 C with the screw speed of 100 rpm.
The mixing process took 2 mins for every blend in the barrel and the molten blend was extruded out into a preheated cylinder. The molten blend was then transferred to injection moulding process using DSM-Xplore micro-injection moulding. The standard test samples of tensile, exural and notched impact according to the ASTM standard were moulded and obtained aer 20 seconds of holding time with 10 bar of the pressure in the injection moulding process and 30 C of mould temperature. The same procedure was repeated for the PLA/PBT blend with compatibilizers. Different amounts of compatibilizers (ESAC, 0.3-1.0 phr and EBA-GMA 5-20 wt%) were studied and optimized in the blends. Due to the high weight percent of reactive epoxy groups in the ESAC compatibilizer, a very small amount of this compatibilizer is usually used as compared to EBA-GMA. All the samples were conditioned at a temperature of 23 C and relative humidity of 50% for at least 40 hours aer processing according to ASTM D618 prior to testing.
Mechanical test
Tensile properties, exural properties and impact strength test were carried out to evaluate the mechanical properties of the PLA/PBT blends. The standard of the mechanical tests were followed according to ASTM D638 (Type IV), D790 and D256, respectively. The tensile and exural tests were performed using Instron 3382 Universal Testing Machine. The tensile test was performed with a crosshead speed of 5 mm min À1 and the exural test was carried out at crosshead speed of 14 mm min À1 on 52 mm span length setup with exural strain of 5% extension, unless early failure occurred. Notched Izod impact test was carried out using a TMI 43-02 Monitor Impact Tester (Testing Machines Inc., New Castle, DE, USA). The samples were notched in a notch cutter according to ASTM D256 notched depth aer processing. All the mechanical data reported were obtained from a total of 5 specimens for each sample and the mean and standard deviation were reported.
Co-continuity analysis
The co-continuity development of PLA phase in PLA/PBT blend was investigated using Soxhlet extraction method. This method has been widely used by researchers to conrm the cocontinuous phase of polymer blends quantitatively. [43] [44] [45] Chloroform with 99.5% purity was used as an extractor solvent to extract the PLA phase from the PBT matrix. Approximately 2 g of each sample were cut from the grip part of the dumbbell specimen and placed into a Soxhlet extraction apparatus. The extraction was carried out for 24 hours to ensure complete removal of the PLA fraction. Aer extraction process was completed, the samples were dried in a vacuum oven at 85 C for 24 hours. The percentage of PLA continuity is calculated as in eqn (1)
where m b is the mass before extraction, m a is the mass aer extraction and dried and w is the PLA weight fraction.
Shear rheology
The shear rheology properties of the PLA/PBT blends were measured using Anton Paar rheometer modelled MCR-502. The blends were cut into a disk shape with a dimeter of 25 mm and place between the parallel plates setup with a zero gap of 1 mm. The shear deformation frequency sweeps were performed at a shear strain of 1% with a frequency range of 0.1-628 rad s À1 .
The pure PBT and PLA/PBT blends were tested at a temperature of 235 C while the pure PLA is tested at 190 C to avoid severe degradation. All tests were conducted under an oxygen atmosphere and the shear rheology properties i.e. complex viscosity, storage modulus and loss modulus acquired were reported.
Impact fractured morphology
The impact fractured surfaces of the PLA/PBT blends were examined using a Phenom ProX desktop scanning electron microscope (SEM) from Phenom World. All the impact fractured samples were coated with a thin gold layer with a Cressington Sputter Coater 108 auto vacuum sputter chamber.
Atomic force microscopy (AFM)
The internal topography of the PLA/PBT blends with single and hybrid compatibilizer were analysed using a multimode 8 AFM from Bruker Nano Inc. (USA). The observation and imaging acquired were carried out with the aid of Nanoscope V controller and Nanoscope Soware (version 8.15). The AFM was carried out in Peak Force (PF) mode with TAP525A silicone cantilevers having a spring constant of 200 Nm À1 . The imaging was scanned with Derjagin, Muller, Toropov (DMT) modulus measurement mode with the scanning rate and scanning line of 0.2 Hz and 500 respectively. Before scanning, the samples surface was polished using a Leica Ultracut, Wetzler, Germany UC7 ultra-microtome with a sapphire knife to create a smooth surface prole.
Results and discussion
3.1. Mechanical properties of the PLA/PBT blends (Fig. 1a) . The experimental value starts to decrease at 40 wt% of PLA blend content. The interaction between the binary polymers blend can be roughly predicted in the tensile strength of the blends. A poor interaction acts as aw and stress concentration which results in reduction of tensile strength aer blending. The slight increase in tensile strength of PLA/PBT blends indicates a good interaction between these two polymers in the blends at low content of PLA (<30 wt%). A good interaction and compatibility between functional groups of PLLA and PBT containing PLLA as major component was also reported by Lorenzo et al. 28 A gradual deviation from the rule of mixture line of tensile strength showed their poor interaction and the degree of immiscibility increases between the two polymers in the blend when the PLA content in PBT was above 30 wt%. In terms of modulus, the tensile modulus value shows an increasing trend with the increasing of PLA content in PBT. This can be attributed to the high modulus in nature of PLA. Hence, the modulus of the blends increases with the addition of PLA. In comparison to the rule of mixture line in the graphs, it can be noticed that the experimental values are near to the rule of mixture line at low content of PLA in PBT blend compositions. The elongation at break decreases dramatically aer incorporation of PLA in PBT. This is due to the low ductility of PLA behaviour and interruption of the continuous phase of PBT aer blending. Hence, the percentage elongation at break of the PLA/PBT blends remained low.
The notched impact strength of PLA/PBT blends showed a variation of mean value in a range of 10-30 J m À1 . It can be seen that the notched impact strength of the 20/80 and 50/50 PLA/PBT blends are lower than that of pure PBT and PLA. The blend compositions at 10/90, 30/70 and 40/60 showed a slightly higher impact strength value than pure PLA which might be due to the different blends microstructures forming (refer to SEM part for the morphology transition). It has been known that the addition of PLA in the polymer blend usually reduces the impact strength of the blend due to the brittleness of the PLA in nature with low crack propagation energy and structural integrity interruption of the matrix in the blend. 46, 47 In addition, the thermodynamic immiscibility between PLA and PBT resulted in poor interfacial adhesion. Therefore, it is necessary to further improve the toughness of this biobased blend for practical applications in industry perspective.
The SEM observations on the impact fractured surfaces of PLA/PBT blends with different blend ratios and its schematic drawing diagram are shown in Fig. 2a-f and 3 respectively. It can be seen that there are two different phases present in the fractured surfaces which shows the immiscibility between the two PLA and PBT polymers aer blended. In general, the impact fractured surfaces of all the PLA/PBT blends are relatively smooth and no plastic deformation was observed which indicates a brittle behaviour of the blends upon impact. Hence, the impact strength of the blends is low. The droplets of PLA phases act as a dispersed phase (droplets) and distribute in the PBT matrix in the blends at low loading content of PLA i.e. 10/90 and 20/80 PLA/PBT blends ( Fig. 2b and c) . It can be seen that there are many empty cavities aer the impact test on the fractured surfaces. This is due to the clean pull-out of the PLA droplets from the PBT matrix upon impact which indicates weak interaction and immiscibility between PLA and PBT. The increase in size of the PLA droplets can be seen with the increasing content of PLA in the blend. This can be due to the coalescence of the PLA droplets when the PLA content is increasing. The PLA droplets started having larger coalescence structures at 30/70 PLA/PBT blend (Fig. 2d) . The increase in the size of the coalescence structures and formation of co-continuous PLA phases are observed in 40/60 of PLA/PBT blend (Fig. 2e) . At 50/50 PLA/ PBT blend ratio, the co-continuous phases of PLA become dominant due to high loading of PLA in the blend and phase conversion occurred to PBT which changed from a continuous phase to droplet phase in the blend (Fig. 2f) . A clearer view on the transformation of the impact fractured morphology of the PLA/PBT blend is shown in the schematic diagram of in Fig. 3 .
The co-continuous phase development of PLA in the blends was further investigated quantitatively using solvent extraction method as shown in Fig. 3 . As seen in the graph, only a negligible amount of the PLA phases was extracted out from the blend at 10/90 and 20/80 of PLA/PBT blends ratio. The PLA droplets remain encapsulated by the PBT due to the small amount of PLA phase present in the PBT matrix. At 30/70 wt% PLA/PBT blend ratio, the PLA droplets coalesced to form partial continuous phases and a signicant amount of PLA phases were extracted out from the PBT matrix. The co-continuity percentage of PLA continues to increase with the increasing weight percent of PLA in the PBT blend from 30-50 wt%. The PLA/PBT blend ratios of 30/70 and 40/60 can be referred to partial continuity of PLA in the PBT phase. The full continuity PLA phase was observed at 50/50 PLA/PBT blend ratio where 98% of the PLA phase was extracted out. In order to rationalize the high biobased content in PBT of this work, substantial amounts of PLA in PLA/PBT blend ratios at 30/70 and 40/60 were further characterized and enhanced with compatibilizers. Fig. 4 shows the effect of ESAC compatibilizer on the mechanical properties of the PLA/PBT blends. It can be seen that the tensile strength and tensile modulus were increasing with the increase of ESAC compatibilizer content (Fig. 4a and b) . In general, the 40/60 PLA/PBT blends showed slightly higher tensile strength and tensile modulus as compared to the 30/70 blends at all loading of ESAC. The improvement in the mechanical strength and modulus of the blends were mainly due to better interfacial adhesion between PLA and PBT phase aer compatibilization. The branching effect of ESAC also causes an increase in entanglement density of the chains and thus further stiffening the blends. 48, 49 Therefore, the tensile strength and tensile modulus of the blends were increased with increasing ESAC content.
Effect of ESAC compatibilizer on the mechanical properties of the PLA/PBT blends
A gradual increase in percentage elongation was observed with the increasing content of the compatibilizer. A signicant increment in percentage elongation was observed at 1.0 phr of ESAC in both 30/70 and 40/60 PLA/PBT blends as can be seen in Fig. 4c . The blends experienced long necking before break when sufficient amount of ESAC compatibilizer was added (Fig. 4d) . This enhancement in ductility of the blend is due to the formation of a long chain branch structure and chains interaction between PLA and PBT aer compatibilization. A signi-cant increase in the percentage elongation ($500%) of the PLA/ poly(butylene adipate-co-terephthalate) (PBAT) blends with addition of ESAC was also reported by Dong et al. 50 The positive effect of ESAC compatibilizer on the elongation at break were also shown in PBAT/PLA 34 and poly(butylene succinate)-co-adipate (PBSA)/PLA 38 biodegradable blends. The change in morphology of the blends phases aer compatibilization was also one of the reasons that resulted in an enhanced of elongation at break.
The compatibilizer effect is not pronounced at 0.3 phr for both 30/70 and 40/60 PLA/PBT blends ratio (Fig. 4c) . The amount of chain extender content may be insufficient for the 40/60 PLA/PBT blend when the loading is less than 0.7 phr. However, the substantial increased in elongation at break of 30/70 PLA/PBT blend at 0.5 phr of compatibilizer was observed. This shows that it is sufficient to enhance the interfacial properties of this blend ratio at 0.5 phr ESAC. This can be due to the lesser amount of PLA in this blend as compared to 40/60 blends. It was noticed that the elongation at break of the blends shows high standard deviation at 0.7 phr of ESAC. The tensile fractures at this loading are inconsistent due to the formation of strain-hardening at outer layer of some samples which created long necking before samples broke. The digital image showing the development of strainhardening of the blend samples was given in the ESI Fig. S1 . † This phenomenon becomes consistent at 1.0 phr of ESAC where all the samples exhibited long necking propagation upon stretching. A signicant improvement in the elongation at break was observe at 1.0 phr for both 30/70 and 40/60 PLA/PBT blends showing a decent amount of compatibilizer content in the blends. The effect of ESAC compatibilizer in various polymer blends have been reported by a number of researchers and the optimal loading of the ESAC chain extender might be vary with the different polymer blend system as well as the blending ratio.
35,51,52 Walha et al. 35 reported that the addition of 0.7 to 1.0 phr of ESAC is more pronounced in improving the blends properties as compared to 0.3 and 0.5 phr of ESAC compatibilizer in the PLA and polyamide 11 (PA11) blends. The less effective in the performance of the blend with the compatibilizer is mainly due to the insufficient compatibilization between the two polymers. The percentage elongation at break of 40/60 PLA/PBT blend was improved signicantly from 2.2% to 141.4% at 1.0 phr of ESAC loading (Fig. 4c) . Approximately $6300% increment on the elongation was achieved aer addition with 1.0 phr of ESAC compatibilizer in the 40/60 PLA/PBT blend. The possible chemical reactions occurring between PLA, PBT and ESAC during melt blending are shown in Fig. 5 . The hydroxyl and carboxyl groups in the PBT and PLA may react with oxirane rings in the ESAC through ring opening reactions forming covalent bonds. 34, 53 However, PLA might be more reactive with ESAC than PBT. This is due to the severe chain scission of PLA under high temperature processing which provides high amounts of terminal ends to react with ESAC. It has been reported that the ESAC epoxide groups react more readily with carboxyl groups than with hydroxyl groups.
54-56
In regard to the notched Izod impact strength, no signicant improvement was observed aer addition of ESAC compatibilizer in the blends (Fig. 4e) . The notched impact strength values remain almost constant with the increase of the ESAC content. On the other hand, the tensile toughness (integral areas under the stress-strain curves) of the blends increased with increasing content of ESAC (Fig. 4f) . The tensile toughness demonstrated a similar trend to the observed elongation at break due to their direct correlation. The high toughening efficiency in tensile toughness can be due to the synchronicity of effective compatibilization and long-chain branching of the ester groups in the PLA and PBT aer compatibilization. The branching in long-chain aids to increase the entanglement density and restrict the slippage of the chains upon elongation. 38 These observations suggest that the ESAC compatibilization effects are not capable in improving the toughness of the blends under high strain rate test (impact test). However, tremendous increase in toughness can be achieved with appropriate amount when tested under low strain rate (tensile test). Fig. 6 presents the SEM impact fractured morphology of the blend aer being compatibilized with ESAC. The addition of ESAC results in signicant changes of the impact fractured morphology of the blends where the phase separation of the PLA and PBT gradually diminished with increasing ESAC content in the blends. The two distinct co-continuous phases were not observed in the PLA/PBT blend with 1.0 phr of ESAC loading (Fig. 6e) . This can be due to the reduction in surface tension between PLA and PBT and results in reducing the size of the dispersed phase aer compatibilization. 34 An improvement in the wettability of the surface between thermoplastic starch and PLA aer addition of ESAC was also reported by Zhang et al. 57 The reduction in the dispersed phase domain size shows that the compatibility between the two polymer phases was improved. Better dispersion and uniformity of the PLA droplets in the PBT matrix was observed with an increase in the compatibilizer content. In addition, the interaction of the polymers was improved with less interfacial gaps between the two immiscible phases (Fig. 6e) . Fig. 7 presented the logarithm of the complex viscosity, storage modulus and loss modulus as a function of angular frequency at different ratio of the PLA/PBT blends. It can be seen that the complex viscosity of PLA was lower about 10-fold when tested at 235 C as compared to at 190 C (Fig. 7a) . This indicates that PLA undergoes severe degradation at temperatures higher than 200 C. The reduction in complex viscosity is mainly due to the chains degradation and loss in molecular weight. The loss in inter-and intra-molecular forces leads to higher chains mobility movements. 36 Hence, the blending of PLA with PBT at high processing temperature will cause the degradation of PLA and proper chain extender or stabilizer additives must be used in order to minimize the degradation of PLA during processing at high temperature. It was noticed that the melt viscosity of PBT is slightly higher than PLA. However, both PLA and PBT are having very low melt strength with the complex viscosity value in the range of approximately 100-200 Pa s (Fig. 7a) . The low melt viscosity resulting in a reduction in some of the mechanical properties 58 and also limits its processing methods. The melt ow behaviour of both PLA and PBT exhibited newtonian ow behaviour at low shear rate. The ow behaviour exhibited shear thinning aer 100 rad s À1 of angular frequency. This indicates that the viscosity of both PLA and PBT are sensitive to the high shearing action upon melting. The shear thinning behaviour becomes more pronounced with the increasing content of PLA in the blends (Fig. 7b) . The PBT becomes sensitive to shearing action aer blending with PLA. The deviation from the newtonian behaviour aer blending could be due to the large difference of the melt viscosity between PLA and PBT which yields a different morphology as compared to the homopolymer structures.
Shear rheological of PLA/PBT blends
There are two different melt-ow behaviours that can be seen for the blends. The interactions between blend components could be interpreted at the low shear frequency region, while the intermediate and high shear frequency regions are usually affected by the entanglement density, molecular weight, branching and phase miscibility. 59 At high shear amplitude frequency, the complex viscosity of the blends was lower than pure PBT. This can be attributed to the degradation of PLA and ease of slip between the blend at high shear amplitude. The low viscosity of PLA at high processing temperature could increase the owability of the blends. 60 On the other hand, the complex viscosity of the PBT was gradually increased at low angular frequency aer blending with PLA. The increase in complex viscosity shows there is a certain degree of physical interaction (hydrogen bonding) between PLA and PBT at low shear frequency even though they are incompatible to each other. It was believed that the droplets of PLA in the PBT matrix change the ow behaviour of PBT molecular chains in the melt state. As the droplets size increases (as can be seen in Fig. 2) , the higher restriction on PBT chains can be expected due to differences in surface tension of the two polymers. However, the complex viscosity showed a decreasing trend above 30 wt% of PLA in the blend. This reduction in the viscosity was due to the increasing of dominant phase of PLA present in the blend. The complex viscosity of PLA becomes low at high temperature due to degradation. Hence, the reduction of complex viscosity was observed with the increasing content of PLA in the PBT blend. The complex viscosity reduced dramatically at 50/50 wt% of PLA/PBT blend ratio.
The storage modulus and loss modulus of the blends correlate well with the complex viscosity results. The storage modulus curves were increased with increasing PLA content due to the presence of PLA droplets that restricted the chains movement of the PBT. However, the modulus showed a decreasing trend when the content of PLA is more than 30 wt% in the blends. The increasing dominant phase of PLA in the blends and chains degradation at high temperature cause reduction in the storage and loss modulus. The effect of ESAC compatibilizer on the shear rheological properties of PLA/PBT blends is shown in Fig. 8 . The complex viscosity of the blends was found to increase gradually with the increasing content of ESAC. This observation indicates that the blend was having better intermolecular interactions with the presence of ESAC compatibilizer which restrict the chains movement.
61
The formation of PLA-g-PBT copolymer can be due to the epoxide compatibilization reactions which results in an increase in molecular weight and hence the shear viscosity.
34,62
In addition, more branched molecular chains were created causing more chain entanglement which leads to an increase in molecular weight and higher viscosity. 36, 51, 52, 63 The increase in storage modulus and loss modulus aer addition of ESAC in the blend conrmed the increased entanglement density.
39
As mentioned above, the epoxide functional groups in the ESAC compatibilizer can readily react with hydroxyl and carboxyl groups in the end chain of both PLA and PBT which leads to increase in the interaction as well as the chain entanglement between the two polymers. Therefore, the storage modulus and loss modulus increased with the addition of compatibilizer. The presence of ESAC compatibilizer also compensates the molecular weight reduction of PLA at high temperature by induced branch chains during high temperature processing. The 1.0 phr of ESAC showed highest storage modulus and loss modulus as compared to other loadings in the blend.
Toughness improvement on PLA/PBT blends with EBA-GMA compatibilizer
The blending of high content of PLA in PBT decreases the overall impact toughness of the blends due to the brittle nature of PLA. A further toughening approach with elastomer based compatibilizer was implemented to improve the toughness of the blends. It has been widely reported that the glycidyl methacrylate (GMA) based modier and GMA-graed polymers can improved the notched impact strength of PBT signicantly due to the reaction of the reactive epoxy group with the end functional groups of PBT during processing. 13, 15, 18 On the other hand, improvement on notched impact strength of PLA and its blends aer blending with ethylene-butyl acrylate-glycidyl methacrylate (EBA-GMA) compatibilizer was reported as well. 64, 65 This indicates that the EBA-GMA functional group can be an effective compatibilizer to react with carboxylic and hydroxyl functional groups of PLA or PBT which can improve their compatibility and toughness aer blending. The EBA-GMA compatibilizer containing reactive GMA group is a good compatibilizer 66 and toughening agent 67 to improve the properties of the polymer blends. Fig. 9 presented the tensile properties and impact strength of PLA/PBT blend as a function of EBA-GMA loading. It can be seen that the tensile strength and tensile modulus of the PLA/PBT blends decreased linearly with the increasing content of EBA-GMA. The reduction in tensile strength and modulus were due to the presence of elastomeric phase copolymer in the EBA-GMA compatibilizer. This so rubbery phase experiences a high degree of deformation when subjected to mechanical stress. Such observations were widely reported by other researchers aer incorporation of EBA-GMA modier to toughen the polymer.
8,10,68
Conversely, the blends toughness was improved. The elongation at break and the notched impact strength of the PLA/PBT blends showed an increasing trend with the increasing content of EBA-GMA (Fig. 9b) . The increase in elongation at break showed the ductility of the blend was improved aer addition of EBA-GMA compatibilizer. The impact strength of the PLA/PBT blend increased approximately two folds from 19.50 J m À1 (no EBA-GMA) to 56.6 J m À1 at 20 wt% of EBA-GMA. This can be due to the reduction of average rubber particles distance with increasing content of EBA-GMA which could create continuous craze and shear zone to provide high toughness. 17 The average notched impact strength of the 20% EBA-GMA/80% PBT was approximately 450 J m À1 . The notched impact strength of the PLA/PBT blends was also increased aer incorporation of EBA-GMA. However the increment was not as high as when only homopolymer was used. This might be due to the presence of two phases of the components in the blends as compared to when only single pure PBT or PLA in the system. The morphology structures as well as the interfacial tension in the blends were changed signicantly aer blending the two polymers as compared to the homopolymer. The increased in the notched impact strength indicates the EBA-GMA substantially toughens the PLA/PBT blends. Several factors have been discussed for the elastomer toughening mechanism in plastic such as interfacial bonding strength, the diameter of the disperse rubber particles and the distance between the rubber particles.
17 Through the optimal conditions control, the toughness of the polymer can increase signicantly through effective elastomer toughening mechanism. In addition, the reactive epoxy groups of EBA-GMA can act as a compatibilizer by reacting with both carboxylic and hydroxyl groups of polyester through ring opening reaction during melt blending to provide better compatibility and a higher degree of deformation (crazing and shear yielding) which leads to an increase of the impact strength of the blends. Hybridization of different compatibilizer has showed promising outcomes in the polymer blends. Lee et al. 69 have examined the effect of a hybrid compatibilizer of PP-g-MAH and PE-g-GMA and their single use in affecting the properties of ternary blends of PP, PLA and toughening modier. They found that with the hybrid compatibilizers the mechanical properties of the blend demonstrated superior performance compared to that of the blend comprising a single compatibilizer. In another work reported by Lin et al., 68 the amount of acrylic-based modier used to compatibilize the PBT/PC blend can be reduced from 20 wt% to 5 wt% when a transesterication catalyst was added and still maintained high impact performance. Fig. 10 shows the comparison of mechanical properties of PLA/PBT blends with single and hybrid compatibilizer used. It can be seen that the tensile strength and modulus of the blends were higher in hybrid compatibilizer system as compared to single compatibilizer ( Fig. 10a and b) . The presence of ESAC in the compatibilized PLA/PBT/EBA-GMA blends could compensate slightly for the reduction of the tensile strength and modulus. Furthermore, with the presence of both compatibilizers in the blends, the notched impact strength of PLA/PBT blends was increased signicantly as compared to with single compatibilizer (Fig. 10c) highest notched impact strength achieved in the blend exhibited a $433% and $288% increase for 30/70 and 40/60 PLA/PBT blends respectively as compared to the pure blends. The addition of 15 wt% of EBA-GMA and 1.0 phr of the ESAC in the blends is enough to increase the notched impact strength more than 250%. Interfacial adhesion between blends components is very important to achieve high impact strength. The presence of ESAC might further reduce the surface tension between the blends component and EBA-GMA which resulted in nely dispersed EBA-GMA particles that could effectively improve the impact strength. Furthermore, the degradation of the PLA when processed at high temperature will be minimized with the aid of ESAC compatibilizer. Hence, the impact strength can be further enhanced.
The interface compatibilization of the blend was further investigated with rheometer. The complex viscosity of the blends with only single compatibilizer and hybrid compatibilizer is shown in Fig. 10d . It can be seen that the complex viscosity of the blends were improved aer incorporation of the compatibilizer. The highest complex viscosity was observed at the blend with the presence of hybrid compatibilizer. The increase of complex viscosity may be due to the graing effect and formation of copolymers. 70, 71 The reactive epoxy functional groups from both compatibilizers can react with the polyester groups of PLA and PBT to form PLA-g-PBT copolymers. The further increase of complex viscosity of the hybrid system corresponds to the effective copolymer formation due to the synergistic effect with the presence of both compatibilizers. As a result, higher complex viscosity can be seen with hybrid compatibilizer in comparison to when a single compatibilizer is use.
Impact fractured morphology and AFM observation of compatibilized PLA/PBT blends
The control and analysis of the polymer blends morphology have become more and more important in the modern polymer processing industry. The comparison on the notched impact strength results and impact fractured morphology of the PLA/ PBT blend with and without compatibilizer are shown in Fig. 11 . It can be seen that without ESAC compatibilizer in the blend, the notched impact strength was improved only slightly even compounded with high loading of EBA-GMA compatibilizer (20 wt%). This shows that ESAC compatibilizer plays an important role in compatibilized blend to create better stress transfer in the blend. The extent of thermal degradation of PLA during high temperature processing can be reduced to a minimum aer addition of the ESAC compatibilizer. The notched impact strength in the PLA/PBT/EBA-GMA increases with the increase of ESAC content. From the inset of SEM impact fractured morphologies comparison, it can be seen that the impact fractured surfaces of the PLA/PBT/ESAC blends without EBA-GMA is relatively at and smooth (Fig. 11b) . The impact fractured surfaces become rougher with uniform rubber dispersion aer addition of EBA-GMA (Fig. 11d) . This shows that higher energy absorption has occurred during impact testing aer the addition of EBA-GMA in the blends. The cavities on the surfaces are due to the rubber particle pull outs upon impact stress. It is clearly observed that the impact fractured surface of the EBA-GMA/PLA/PBT blend without ESAC has larger domains of distinctive polymer phases and non-uniform rubber cavity distribution (Fig. 11c) as compared to the impact fractured surfaces of EBA-GMA/PLA/PBT blend with ESAC (Fig. 11d) . The larger interfacial gaps between the polymer domains indicate the poor compatibility between the two polymers. Therefore, the impact strength of the PLA/PBT blend remains low even with high loading of EBA-GMA compatibilizer. Fig. 12 shows the AFM topography of EBA-GMA compatibilizer and hybrid of EBA-GMA and ESAC compatibilizer in the PLA/PBT blends. The dark colored areas are phases having low modulus, while light colored regions are phases having high modulus. The modulus of the blend component is according to the order of PLA > PBT > EBA-GMA, where PLA exhibits the highest modulus value in the blend. When there is no addition of ESAC compatibilizer, it can be seen that the PLA phases show large domains and are non-uniformly distributed in the PBT (Fig. 12a) . In addition, the EBA-GMA phases are also random in structured. With the presence of both compatibilizers, a spherical EBA-GMA copolymer was observed (Fig. 12b) . In an ideal case or optimized condition, the EBA-GMA would self-assemble into a spherical structure due to its hydrophilic and hydrophobic end groups (head and tails). The ESAC compatibilizer acts as a catalyst to promote the formation of spherical EBA-GMA structure due to the further reduction of the interfacial tension between components during reactive blending. The formation of spherical EBA-GMA structures shows a signicant change with the notched impact strength. This observation is also aligning with the studies reported by Yuryev et al. 72 They found a dramatic improvement in impact strength of a PLA/EBA-GMA blend due to formation of spherical EBA-GMA structures in the presence of ESAC compatibilizer.
From the AFM topography, the synergizing effects of both compatibilizers in the blend shows a reduction in the PLA droplets size and improved the dispersion of PLA in the PBT phase. This indicates that the synergizing effect of GMA copolymers from both reactive compatibilizers further reduces the interfacial tension between the PLA and PBT phases which suppresses the formation of coalescence of PLA droplets. Therefore, the incorporation of both ESAC and EBA-GMA compatibilizers in the blends was capable to further toughen the blends through effective interfacial reactive compatibilization as compared to single compatibilizer blends system.
Conclusions
Sustainable biobased polymer blends from PLA and PBT were fabricated and their property enhancements were studied using ESAC and EBA-GMA reactive epoxy functional compatibilizers. It was found that the tensile strength and modulus of the blends increase while the elongation at break and notched impact strength decrease with the increasing content of PLA. The full co-continuous phases of PLA in the PLA/PBT blend were conrmed at 50/50 wt% PLA/PBT blend ratio. The tensile strength, tensile modulus and elongation at break of the blend were improved with the addition of the ESAC compatibilizer. The elongation at break and tensile toughness of the PLA/PBT blends were increased signicantly with 1.0 phr of ESAC. The ESAC compatibilizer was found to be effective in improving the toughness at low strain rates (tension test) but not effective at high strain rates (impact test) for the blends. The fractured surfaces of the blends showed less interfacial gap, better dispersion and transition from two distinctive phases to a mild distinct phase with increasing ESAC compatibilizer. At high shear amplitude frequency, the complex viscosity of the PLA/ PBT blends decreased with the addition of PLA in PBT. There are small physical interactions (hydrogen bonding) between PLA and PBT at low shear amplitude. The complex viscosity, storage modulus and loss modulus of the PLA/PBT blends increase with increasing content of the ESAC compatibilizer.
The tensile strength and tensile modulus of the PLA/PBT blends decrease aer incorporation of the EBA-GMA compatibilizer. However, the elongation at break and notched impact strength of the blends were improved with the increasing content of EBA-GMA. The enhancement of the mechanical properties of PLA/PBT blends is more pronounced with the presence of both ESAC and EBA-GMA compatibilizers than single compatibilizer blends. The synergistic compatibilizer effect of ESAC and EBA-GMA in the blends contributes to signicant enhancement of notched impact strength. An increment of notched impact strength of more than 200% was obtained in the PLA/PBT blends as compared to the uncompatibilized PLA/PBT blend. The substantial increase in notched impact strength of the blends was due to the further enhancement in interfacial compatibilization between blend components and formation of an effective spherical EMA-GMA structure as evidenced in the AFM topography.
The developed high toughness and sustainable biobased PLA/PBT blend demonstrated high potential to replace the high-volume usage of petroleum based PBT where the dependency on petroleum based resources can be reduced and lead to better sustainable development.
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